Surface recombination of carriers in solar cells can cause a significant reduction in their efficiency and is most commonly minimized by the deposition of surface dielectric layers which simultaneously perform two functions; efficient passivation of surface recombination and the provision of an effective anti-reflection layer. This can be difficult to achieve in practice since the conditions that produce an optimum anti-reflection coating are not necessarily the same as those required for effective passivation. In this work we describe the use of external electrical charging of dielectric layers which serves to improve their passivation properties without affecting their reflection properties. This provides a method by which, to some extent, the electrical and optical properties of the films can be decoupled so allowing better overall performance to be achieved. It is demonstrated that SiO 2 and SiO 2 /SiN stacks deposited on a silicon surface can provide a stable reduction of surface recombination when chemically treated, electrically charged using a corona discharge and then annealed at low temperature. Surface recombination velocity upper limits of 19 cm/s and 16 cm/s were inferred for single and double layers respectively on n--Si.
Introduction
Surface recombination of photo-excited carriers is a major limiting factor in solar cell efficiency. Reduction of such recombination is hence a key step in cell manufacturing processes. This reduction is commonly referred to as passivation and it is achieved using dielectric films. Effective surface passivation involves two complementary mechanisms. First, a reduction of the number of dangling bonds in the semiconductor surface is achieved by providing chemical bonds between the film and the semiconductor. The last decade has seen major improvements in the processing steps required to produce silicondielectric interfaces with very low trap densities. Second, the number of carriers available for recombination processes can be limited using an electric field. This is known as field effect passivation and it is achieved by having a fixed charge in the dielectric film, either built-in during the deposition process, or controllably deposited in a separate step.
One of the best chemical surface passivation schemes is thermally grown silicon dioxide. It provides surface state densities as low as 10 9 cm -2 eV -1 [1] , but it requires temperatures above 900 o C that make it undesirable in terms of solar cell production cost and throughput. Surface passivation is quantified using the surface recombination velocity (SRV) of carriers at the semiconductor interface. For thermal oxides, the well-known Alneal process by Kerr and Cuevas [2] can produce SRV as low as 2.4 cm/s, at an injection level of 10 15 cm -3 , on float zone 1.5 cm n-type silicon. Surface passivation using Al 2 O 3 has been recently suggested and proved to have excellent properties, yet it has not been adopted by industry since it requires complicated and expensive chemical vapour deposition (CVD) or atomic layer deposition (ALD) techniques, where throughput is still limited. SRV as low as 1.3 cm/s has been reported using ALD Al 2 O 3 , at an injection level of 10 15 cm -3 , on float zone 1.5 cm n-type silicon [3] . The current standard for silicon solar cell passivation, however, is plasma enhanced chemical vapour deposited (PECVD) silicon nitride (SiN) [4] . SiN is an effective passivation layer not only due to the chemical reduction in density of interface states due to hydrogenation of the interface during deposition, but also to its concentration of fixed positive charges. Thus SiN passivation effect is both chemical and field effect in origin. The lowest SRV reported using PECVD SiN is 6 cm/s at an injection level of 10 15 cm -3 , on float zone 1.5 cm n-type silicon [5] . In practice, many dielectric coatings already have built-in electrostatic charges which are generated during film formation, so that field effect passivation is already exploited, although in a non-controlled way. Since most passivation layers also work as anti-reflection films, a trade-off is generally obtained between the anti-reflection properties and efficient surface passivation in a film.
It is well known that SRV values as low as 30-70 cm/s can be achieved on n and p Si wafers with resistivity 1 cm, by depositing ions on a dielectric film using a corona charging apparatus [6] . This method has never been commercially used since the effect of the charge is not stable [1] . Previous research has primarily concentrated on the effect of the charge on SRV [7] , [8] and not on its stability or potential as a controlled method for surface passivation. In this paper, we investigate the stability of improvements in SRV due to controlled deposition of the charge on the surface of a passivating dieletric film. This charge provides additional field effect passivation and it is seen to be stable over several months. The results shown here are relevant to high efficiency silicon solar cells since injection-leveldependent surface recombination has been proved to consistently reduce efficiency [1] .
Experimental methods
Six inch n-type, Czochralski (Cz), 5 cm silicon wafers were oxidized in a dry and wet atmospheres to thicknesses of 21.5 nm and 87.5 nm respectively. Three by three centimetre samples were then cut out and double layers were formed in second set of specimens by depositing an additional 80 nm plasma enhanced chemical vapour deposited (PECDV) SiN on both sides. Silane, ammonia and nitrogen were used as precursor gases, and a 20 watt 13.56 MHz RF power supply was used. Hexamethyldisilazane (HMDS) was then used to chemically treat both single and double layer samples. HMDS readily binds to dielectrics and leaves a highly hydrophobic atomic layer [9] . HMDS is commonly used in the IC industry to improve photoresist adhesion to oxides. Treatment was carried out by exposing samples to HMDS vapour at a temperature of 140-160 o C for 20 minutes. Chemical treatment was always preceded by dehydration at 400 o C for 30 minutes. Additional heat treatments on SiO 2 /SiN double layers were performed in a box furnace, in air, at 400 o C.
Charge deposition was then performed using a point-to-grid double-sided corona discharge apparatus. Charge was measured using a modified version of the Scanning Kelvin Probe (KP) 3.1 by KP Technology Ltd [10] . The modifications allowed a direct measurement of contact potentials between -10 and 10 volts,
[11]. Mapping was performed using a non-feedback XY stage actuated by stepper motors. Measurements were performed in the dark to avoid contribution of photo generated carriers. The probe was a gold plated nickel pin 0.5 mm radius. It was oscillated at a frequency of 80 Hz -just above the coil resonance to avoid instability while preserving an acceptable signal-to-noise ratio. In our KP set-up the sample was biased rather than the tip. In such case, the metal-insulator-semiconductor (MIS) description of capacitance can be used to predict the charge induced surface potential. If the kelvin probe measurements are performed right after charge deposition, it can be assumed that most of the charge resides at the surface as a charge per unit area ) instead of in the dielectric bulk. Additionally, the tip-sample distance is three orders of magnitude larger than the insulator electrical thickness so that the contribution of electric field at the semiconductor surface can be disregarded, and charge density at the dielectric surface can be estimated as: ( 1 ) Where is the work function difference between the metal tip and the semiconductor, is the thickness of the dielectric coating and is the backing potential needed to null the KP signal.
Surface recombination was assessed by measuring effective lifetime using a Sinton WCT-120 photoconductance instrument [12] , in transient mode [13] . Effective lifetime is dependent on bulk lifetime, which includes Auger, radiative and Shockley-Read-Hall bulk recombination; and surface recombination velocity. An upper limit to surface recombination velocity is therefore estimated as:
( 2 ) 3. SiO 2 single layer passivated n-type Cz Si N--Si was thermally oxidised to give a layer 21.5nm thick which was then corona charged to a surface potential of ~ 9 V. This charge was not stable and Kelvin probe measurements, Figure 1 .a, showed it to decay significantly. This effect has previously been attributed to the effect of water molecules adsorbed from the atmosphere onto a silicon dioxide surface. It has been shown [14] , [15] that the hydrophobic nature of an HMDS film on the dielectric surface can reduce this effect and induce long term stability, after an initial small amount of decay, as is also demonstrated in the present work in Fig 1. a. There are two possible mechanisms for the effect of HMDS preventing the decay of charge. The first is that the adsorbed polar water molecules directly serve to screen the deposited charge and the second is that the water molecules generate silanol molecules which are free to migrate across the surface so conducting the charge away from the surface [16] .
Charge reduction by lateral conductivity due to water absorption and silanol production was tested by using a mask to produce a 10 x 10 mm rectangular area in the centre of a sample free from HMDS whilst the rest was covered in the hydrophobic layer. Charge was then deposited onto the HMDS free area. Fig  1. b shows a map of the charge induced surface potential immediately after the deposition and two months later. The charge was found to be stable in the HMDS free region due to the surrounding hydrophobic HMDS film. This demonstrates that the mechanism of stabilisation of charge by HMDS is the removal of conducting pathways for migration of charged molecules generated by the adsorption of water. Fig 1. a shows that the HMDS treated material maintains good charge stability after an initial decay which occurs during the first ~200 hours. The effect this charge has on surface passivation is shown in Fig 2. Although charge is not notably decreasing after a period of ~200 hours, lifetime is more sensitive to the interface characteristics and a continuing slow decay is still observed over a two month period. Considering the effective carrier lifetime measured after 60 days, if an infinite bulk carrier lifetime is assumed, an SRV upper limit can be established as 19 cm/s at a minority carrier concentration of 10 15 cm -3 . The best passivation schemes reported in the literature have SRV ~1-20 cm/s yet when applied at industrial scale values closer to 50 cm/s are commonly observed. In practice, the bulk lifetime of Cz silicon is of the order of some milliseconds meaning that the actual value of SRV will be significantly lower than the inferred upper bound of 19 cm/s. This value is therefore within the best passivation schemes reported in literature and it can be used at industrial scale. After 60 days the surface charge was removed by dipping in isopropyl alcohol (IPA) and the effective carrier lifetime returned to the same value as before charge deposition indicating no permanent modification of the dielectric properties by the deposition of the charge. 
SiO 2 /SiN double layers passivated n-type Cz Si
SiO 2 /SiN double layers have been investigated on n--Si. In particular, different oxide thicknesses and the effect of a post charge deposition thermal anneal were studied. The amount of charge deposited and hence average field across the layers was approximately the same in all cases. After charging, the charge density in the thin and thick oxides was 8.1x10
12 q/cm 2 and 7.2x10 12 q/cm 2 , respectively. Samples were processed as described in Section 2, and a post-charge anneal step was added to a second set of samples. The post-charge anneal step rendered a charge density of 2.0x10 12 q/cm 2 and 4.1x10 12 q/cm 2 in thin and thick oxides respectively. Thus a larger surface potential is present for the thick layers compared to the thin layers. The time dependence of the surface potential is presented in Fig 3.a  whilst Fig 3. b shows the effective carrier lifetime. From this data it is evident that the thicker oxide layers retain the charge more effectively. However, the different oxides were grown using different conditions so it is not possible unambiguously to associate the better retention of the charge by the thicker layer to its thickness rather than some other parameter which changed between the different oxidation processes. The higher lifetime in thick oxides found here disagrees with work by Larionova et al. [17] , where the lifetime was found to increase with decreasing oxide thickness. This effect can be partially attributed to the higher charge concentration on thicker films.
The second effect which is apparent is that the post-charge anneal step removes some of the deposited charge but that which remains is very stable. The effect of the post charge deposition anneal is thought to be the thermal excitation of charge trapped in shallow states [14] . That which remains is in deeper states and is very stable. The surface charge after annealing is sufficiently stable that small change in effective carrier lifetime is observed even for periods in excess of three months. This also indicates that the hydrophobic effect of HMDS still remains. Although further hydrogenation of the Si/SiO 2 interface may occur during this heat treatment, control specimens without deposited charge were heat treated and no significant lifetime increase was observed at 400 o C for 20 min. Therefore most of the lifetime improvement can be attributed to field effect and not to the chemical reduction of interface states during this anneal step. By assuming an infinite bulk carrier lifetime, an upper limit for the SRV of 16 cm/s can be deduced which, given the simplicity and speed of the processing here performed, indicates the potential of controlled and stable field effect passivation in the industrial processing of silicon solar cells. injection levels on same specimens as (a). Lines are guide to the eye.
Conclusions
The present work has confirmed that improvement in minority carrier lifetime can be produced as a result of charge deposition using a corona discharge apparatus, and that this improvement can be stabilized for periods of up to three months on both single SiO 2 and double SiO 2 /SiN dielectric layers. The chemical treatment here applied represents a potential step towards controlled field effect passivation of solar cell surfaces. Post-charge heat treatment at 400 o C rapidly detrapped charge in single SiO 2 layers, thus eliminating the field effect. However, double layer films showed detrapping of charge but that which remained was stable for at least three months. Upper limits of surface recombination velocity as low as 16 cm/s were demonstrated on n--Si. The versatility and scalability of the processing steps used here make these methods relevant for in-line production of high efficiency silicon solar cells.
